In this work, extraction of antioxidant carotenoids from Haematococcus pluvialis 2 microalga, has been studied combining pressurized liquid extraction (PLE), using 3 hexane and ethanol as extracting solvents, and analytical techniques such as TLC and 4 HPLC with DAD. The effect of the extraction temperature (50, 100, 150 and 200ºC) 5 and the polarity of the solvent has been studied in terms of in vitro antioxidant activity 6 and chemical composition considering two different morphological cells (green 7 vegetative cells and red cysts). Results demonstrate that the extraction temperature had 8 a positive influence in the extraction yield while its effect in the antioxidant activity 9 was negative, lowering the activity of the extracts with an increase of the extraction 10 temperature. The best yields were obtained with ethanol at the higher extraction 11 temperature while the best antioxidant activity was also achieved using ethanol but at 12 lower temperatures. Chemical composition was determined by TLC and HPLC with 13 DAD. Several compounds were identified in the samples and concentration of 14 astaxanthin was obtained. Results pointed out that the extracts contained different 15 carotenoids in both, the green and the red phase, and that depending on its contribution 16 a stronger antioxidant activity would be expected. 17 18 3
isolated from phytoplankton were purchased to DHI Water & Environment (Hørsholm, 1 Denmark). 2 3
Pressurized fluid extraction 4
Dry cells were pretreated by freezing and mashing the microalgae with liquid nitrogen 5 in a ceramic mortar. The process was repeated three times in order to induce cell-wall 6 lysis. 7
Extractions of Haematococcus pluvialis were performed using an Accelerated Solvent 8
Extractor (ASE 200, Dionex Corporation, Sunnyvale, CA, USA) equipped with a 9 solvent controller unit. Table 1 shows the experimental conditions used; two different 10 solvents (i.e. hexane and ethanol) were employed to achieve extracts with different 11 composition. Extractions were carried out in duplicate. Moreover, extractions were 12 performed at four different extraction temperatures (50, 100, 150 and 200ºC) and 20 13 minutes as extraction time. Previously, an extraction cell heat-up was used for a given 14 time, that changed according to extraction temperature (the heat-up time is 15 automatically fixed by the equipment, i.e., 5 min when the extraction temperature was 16 50 and 100ºC, 7 min at 150 ºC and 9 min at 200 ºC). All extractions were performed in 17 11 mL extraction cells, containing 2.0 g of sample. 18
The extraction procedure was as follows: (i) sample is loaded in the cell; (ii) cell is 19 filled with solvent up to a pressure of 10.34 MPa, (iii) initial heat-up time is applied; 20 (iv) a static extraction with all system valves closed is performed; (v) the cell is rinsed 21 (with 60% cell volume using extraction solvent); (vi) solvent is purged from the cell 22 with N 2 gas and (vii) depressurization takes place. Between extractions, a rinse of the 23 complete system was made in order to overcome any extract carry over. To minimize 24 the loss of volatiles and to avoid sample degradation, the extracts were quickly cooled7 down to freezing temperatures by placing the vials in a water-ice bath. This was done 1 for all the extracts at the different temperatures tested. Once cold, the extracts were 2 dried using a Rotavapor R-200 (from Büchi Labortechnik AG, Flawil, Switzerland). and on initial observations done in our laboratory (data not show), mechanical 10 disruption at freezing temperatures was selected previous to PLE extraction since it also 11 provided higher extraction yields of biological active compounds from the disrupted 12
cells. 13
To know the influence of temperature and solvent polarity in the extraction of 14 antioxidant compounds from H. pluvialis using PLE, two different extracting solvents 15 (hexane and ethanol) and four different conditions were tested (50, 100, 150 and 200 16 ºC), also considering both, green and red phases. Table 1 shows the results in terms of 17 extraction yields. As can be observed, the extraction yield increased with the 18 temperature. This effect could be due to an increase of the mass transfer from the 19 sample to the pressurized solvent with the temperature. Moreover, the extraction yield 20 enhanced as polarity of the solvent increased (ethanol). 21
Opposite to the expected behaviour the extraction yields obtained from the red phase of 22 the microalgae were generally higher than those obtained form the green one. 23 Nevertheless, as all the cells were pretreated to induce cell lysis, it seems reasonable to 24 consider that both types of cells have the same broken structure when pressurized 25 solvent extraction is applied. Thus, higher extraction yields of red cells than green cells 1 can be explained by the higher solubility of cellular material in the solvents employed, 2 at the conditions used in the extraction. A general behaviour with the extraction temperature can be observed for both, green 24 and red phases and considering the two solvents. By observing Figures 1 and 2 , it can 25 be seen that pigment extraction slightly decreases as temperature increase from 50 to 1 150°C, being more pronounced at 200°C.To obtain further information of the extracts 2 and to be able to compare among them, extracts obtained at 100ºC using ethanol and 3 hexane with red and green cells were analysed by HPLC, as described above; results 4 are shown in Tables 1 and 2 for, respectively, green and red cells and in Figures 3 and  5 4, where a comparison between green and red cells extracted using PLE with ethanol at 6 100°C is given. 7
Regarding to green phase cells (Table 2 Table 4 . In general, ethanol extracts presented better antioxidant activity 14 than hexane extracts at all temperatures tested. The behaviour of the antioxidant activity 15 as a function of the extraction temperature is also clear since it can be inferred from the 16 data that the higher extraction temperature, the lower the TEAC value of the extracts 17 and therefore, the lower the antioxidant activity. This effect was more pronounced at 18
200ºC. This decrease on the antioxidant capacity seems to be related with the lower 19 carotenoid content of the extracts, as shown in TLCs (Figures 1 and 2) . 20 Surprisingly, green phase extracts showed more antioxidant activity than the red ones. 21
Many studies have reported the high antioxidant capacity of astaxanthin, compared to 22 other carotenoids, due to the presence of keto groups at the 4 and 4' position and 23 hydroxyl groups at the 3 and 3' position in the -ionone ring (Naguib, 2000) . 24 Moreover, astaxanthin seems to be a safer antioxidant even at high oxygen 25 concentrations, opposite to -carotene behaviour that acts as pro-oxidant under 1 conditions of high pO 2 (Hix, Lockwood & Bertram, 2004) . 2 However, even if our results seemed to be contradictory to the previously reported, it 3 has to be considered that the most part of the studies performed with astaxanthin have 4 been done employing pure synthetic astaxanthin, and only few of them used natural 5 astaxanthin, like the one obtained from H. pluvialis. Synthetic astaxanthin is available 6 as the free form of astaxanthin whereas H. pluvialis astaxanthin is accumulated in the 7 form of di-or monoesters of astaxanthin. Of course, free or esterified carotenoids 8
should have a different antioxidant activity. For example, Miki (1991) found a strong 9 activity of free natural astaxanthin as an inhibitor of lipid peroxidation, better than 10 ohers carotenoids, whereas astaxanthin diester showed a very low activity. Moreover, 11
Kobayashi and Sakamoto (1999) reported a higher 1 O 2 quenching activity of free 12 astaxanthin, followed by astaxanthin monoester and astaxanthin diester in an ethanol 13 medium when IC 50 was expressed as g of carotenoids/mL. On the other hand, Cerón et 14 al., (2006) concluded that astaxanthin diesteres exhibits the highest antioxidant capacity 15 against DPPH free radical, followed by astaxanthin monoesters and free astaxanthin. 1997), the antioxidant activity of the extract that undergone saponification from 7
Haematococcus pluvialis was higher than the original extract, suggesting a high 8 contribution of hydroxyl groups to delocalization of electron in the astaxanthin 9 molecule. This different behaviour could be due to the contribution of ketone groups of 10 astaxanthin, and thus, astaxanthin exists in an equilibrium, with the enol form of the 11 ketone, thus the resulting dihydroxy conjugated polyene system possesses a hydrogen 12 atom capable of breaking the free radical reaction in a similar way to that of -13 tocopherol (Naguib, 2000). 
